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The interdigital ~ID! cantilever with two sets of interleaving fingers is an alternative to the
conventional cantilever used in the atomic force microscope ~AFM!. In this paper we present a
detailed analysis of the interdigital cantilever and its use as a sensor for the AFM. In this study, we
combine finite element analysis with diffraction theory to simulate the mechanically induced optical
response of the ID. This model is used to compare this system with the optical lever detector as used
in conventional instruments by analyzing the ratio of signal to noise and overall performance. We
find that optical detection of the cantilever motion with interdigital fingers has two advantages.
When used in conjunction with arrays of cantilevers it is far easier to align. More importantly, it is
immune to laser pointing noise and thermally excited mechanical vibrations and this improves the
sensitivity as compared to the optical lever. © 1998 American Institute of Physics.
@S0021-8979~98!07112-6#I. INTRODUCTION
The atomic force microscope ~AFM!,1 or scanning probe
microscope, provides high resolution images of surfaces. It is
based on sensing the interaction force between the surface
and the cantilever tip. As the cantilever is scanned across the
surface, it bends in proportion to the force between the tip
and the sample. The deflection of the cantilever is measured
with various systems. The most common sensors include
interferometry,2,3 the optical lever,4,5 and a piezoresistive
element6 used to sense the strain. The sensitivity with these
methods is sufficient to resolve features on the atomic scale
and indeed this fine sensitivity is a basic factor in the wide-
spread acceptance of the AFM.
A highly sensitive technique for measuring the deflec-
tion of a cantilever is the interferometer. Rugar et al.3 devel-
oped a deflection sensor based on the interference of light
between the cleaved end of an optical fiber and the backside
of a cantilever. By accurately positioning the fiber above the
cantilever to form a tightly spaced interference cavity of less
than 4 mm, it is possible to achieve a vertical resolution on
the order of 0.01 Å.
One of the most common techniques used to measure the
deflection of a cantilever is the optical lever. In this system,
a laser beam is reflected off the backside of the cantilever
and directed into a split photodiode. The position of the re-
flected beam, and hence the cantilever deflection, is deter-
mined by subtracting the photodiode outputs. Unlike the in-
terferometer, the optical lever does not require the
positioning of components directly above the cantilever. It is
this simplicity that has made the optical lever more popular
than the interferometer. However, the resolution is typically
limited to roughly 0.1 Å.
a!Electronic mail: goksenin@bilkent.edu.tr7400021-8979/98/83(12)/7405/11/$15.00
Downloaded 26 Feb 2013 to 139.179.14.46. Redistribution subject to AIP liThe deflection of a cantilever can also be determined
with an integrated piezoresistive strain gauge. Since silicon
is a piezoresistive material, it can be used to microfabricate
cantilevers that change resistance when stressed. Developed
by Tortonese,6 the piezoresistive cantilever is capable of 0.1
Å resolution in a 10 Hz–1 kHz bandwidth. The main advan-
tage of using a piezoresistor to measure cantilever deflection
is that alignment is not required. In the case of the optical
lever, there are typically two alignment steps that require
physical positioning: first, a laser must be aligned to the end
of the cantilever and second, a split-photodiode must be
aligned to the laser beam that reflects off the cantilever.
When using the piezoresistor, it is only necessary to balance
the resistor bridge by changing the resistance of one of the
elements. For low temperature or ultrahigh vacuum ~UHV!
applications where physical alignment is difficult, the
piezoresistor is a simple alternative. The piezoresistor is also
a useful technique for measuring the deflection of cantilever
arrays.7
The advances in silicon micro-machining techniques
permit us to fabricate cantilevers with intricate designs and
small dimensions. Our new interferometric detection
method, as introduced earlier,8 is based on a cantilever
shaped to form an interdigital optical diffraction grating. The
interdigital grating is composed of two sets of fingers. One
set contains the tip which follows the contour of the sample.
The other set is rigidly connected to the cantilever support
and remains stationary during scanning. When the fingers are
illuminated, the optical beams reflected from fingers produce
a diffraction pattern composed of many orders. The intensi-
ties of each order depend on the amount of cantilever deflec-
tion. In this way the cantilever deflection is determined by a
simple measurement of optical intensity and this gives us the
simplification that is needed to adapt this system to cantile-
ver arrays.5 © 1998 American Institute of Physics
cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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of the operation of the interdigital cantilever. We will first
introduce the geometry and the associated process of fabri-
cation and then formulate the theory underlying the opera-
tion of the phase gratings with the responses curves and con-
firming experimental results. The noise performances of the
interdigital ~ID! cantilever will be compared to the optical
lever detection method. We will conclude with a discussion
of the overall advantages of the ID cantilever.
II. GEOMETRY OF INTERDIGITAL CANTILEVER
There are two ways of implementing phase gratings on
cantilevers. Figure 1 shows the first kind of cantilever where
the fingers are directed along the direction of the cantilever
axis. In the second kind the fingers are perpendicular to can-
tilever axis ~Fig. 2!. There is little difference between the two
geometries except for the axis of diffraction pattern which is
perpendicular to the cantilever for the first kind and parallel
to the cantilever axis for the second kind. The geometry of
the first kind is more simple in some ways, but it is not
suitable for arrays since the higher order diffraction patterns
from neighboring cantilevers interfere with each other.
The typical ID cantilever is several micrometers thick,
several hundred micrometers in length and 100 mm in width.
FIG. 1. Geometry of the first kind interdigital cantilever.
FIG. 2. Geometry of the second kind interdigital cantilever.Downloaded 26 Feb 2013 to 139.179.14.46. Redistribution subject to AIP liA sharp tip perpendicular to this surface is formed at the end.
The cantilever is fabricated from silicon with the standard
techniques of micro-machining. Alternatively, silicon nitride
can be used in place of silicon and the surface of the fingers
is coated with an optically reflecting material such as alumi-
num or gold. Fabrication of the interdigital cantilever is a
three mask process that begins by growing 1 mm of thermal
oxide on a ^100& silicon-on-insulator ~SOI! wafer where the
uppermost layer is undoped epitaxial silicon 10 mm in thick-
ness. Tip masks are patterned into the oxide with 6:1 HF,
undercut into the epitaxial silicon with a plasma etch, and
sharpened by a wet oxidation at 950 °C for 2 h. The cantile-
ver and the interdigitated fingers are defined in a plasma
etch. The top surface is then passivated with polyimide and
the bulk silicon is etched with ethylene diamine pyrocathecol
~EDP! using the middle oxide as an etch stop. Cantilevers are
released by etching the middle oxide in 6:1 HF and removing
the polyimide in an oxygen plasma.
A scanning electron micrograph of the ID cantilever of
the second kind is shown in Fig. 3. The tip is visible on the
triangular piece at the end of the cantilever. One set of fin-
gers is connected to the outer portion of the cantilever which
moves when a force is applied to the tip. The second set of
fingers is connected to the inner portion which remains fixed.
We have used a general purpose finite-element package,
ANSYS version 5.29 to study the shape of the modes and the
associated resonances. A four-node elastic shell element
~SHELL63! was used to construct the finite element model
~FEM! model. This resonance is important since the high
frequency limit of the imaging bandwidth is set by the first
resonance peak of the cantilever. The calculated and experi-
mentally measured resonance frequency of our cantilever is
around 46 kHz. This is the first longitudinal resonance of the
outer portion of the cantilever. At this frequency, the trian-
gular part of the cantilever moves up and down. The second
FIG. 3. SEM image of an interdigital cantilever. The length of the cantilever
is 215 mm. The length and the width of the fingers are 30 and 3 mm,
respectively. There are seven finger pairs (N57). The thickness of the
structure is 2.5 mm.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
7407J. Appl. Phys., Vol. 83, No. 12, 15 June 1998 Yaralioglu et al.resonance frequency is the first longitudinal resonance of the
inner part. The third mode corresponds to a torsional mode
where the cantilever rotates around the axis of the cantilever.
The individual fingers resonate at a frequency above 3 MHz.
III. THEORY
The geometry of the interdigital cantilever forms a phase
sensitive optical diffraction grating. This grating reflects the
incident coherent optical beam into several orders with an
intensity that depends on the relative displacement between
the two sets of fingers. Figure 4 shows the cross section of
the grating and the profile of the optical diffraction pattern.
In the equilibrium position, j50, where j represents the
relative deflection of moving fingers with respect to refer-
ence fingers, the intensities of the even-numbered orders are
maximum @Fig. 5~a!#. The spatial separation of the second
order component from the central component ~the zeroth or-
der! is lD f g , where f g is the spatial frequency of the grat-
ing, D is the observation distance and l is the wavelength of
the incident beam. When the moving fingers are displaced by
l/4, the central beam vanishes and the energy is divided
between the two first order components and other odd num-
bered components @Fig. 5~b!#. Figure 5 was calculated from
fingers of infinite length. The diffraction pattern profile is
calculated by taking the one-dimensional Fourier transform
of the grating. If we assume the amplitude of the incident
beam varies as cos(vt1kz), where k is the wave number, we
can calculate the intensity of the zeroth order component as a
function of cantilever deflection. At z50 the amplitudes of
the beam reflected from the two sets of fingers are cos(vt)
and cos(vt12kj), respectively. If we add these two cosine
terms, we find that the intensity of the zeroth order compo-
nent, I0, is proportional to
I0}cos2 u , ~3.1!
where
FIG. 4. Cross-sectional view of the grating. The width of the fingers are 2
mm. Spatial frequency of the grating is f g553105 m21.Downloaded 26 Feb 2013 to 139.179.14.46. Redistribution subject to AIP liu5
2p
l
j . ~3.2!
The reflected beams from moving fingers and reference fin-
gers add constructively when j50, l/2, l , 3l/2 . . . . Simi-
larly, the intensity of the first order component, I1, is propor-
tional to
I1}sin2 u . ~3.3!
Again, reflected beams from moving fingers and reference
fingers add constructively when j5l/4, 3l/4, 5l/4 . . . .
The phase difference between incident and reflected
beam is 2kj , when we assume that the incident beam is
normal to the cantilever plane, i.e., the incidence angle is 0°.
Experimentally, it is difficult to illuminate the cantilever with
this angle of incidence and measure the diffraction pattern at
the same time since there is usually a small incidence angle,
g . If the effect of the incidence angle is considered, in the
above formulas, j should be replaced by j cos g. We note
that we maximize the sensitivity when the incidence angle is
kept as small as possible.
Another issue that must be considered when designing
interdigital cantilevers is the spatial separation of the orders.
If the orders are not well separated, they interfere with each
other and this reduces the sensitivity. The beam width for an
order at the observation plane is proportional to lD f g /N ,
where N is the number of finger pairs and N/ f g is the length
of the grating. The ratio of the spatial separation between
successive orders to the beam width10 can be considered as a
figure of merit and it is given by
f glD/2
lD f g /N 5N/2. ~3.4!
This ratio is proportional to the number of fingers, but it is
independent of observation distance D . We conclude that if
N is greater than 4, the orders are well separated.
FIG. 5. Field intensity at D52 cm. Fingers are assumed to be infinitely
long.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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In order to simulate the performance of the interdigital
cantilever, the diffraction pattern above the interdigitated fin-
gers has to be determined. The diffraction pattern from an
arbitrary source distribution can be found by using the well-
known diffraction integral11 which can be difficult to calcu-
late. However, Fresnel approximations for near field calcula-
tions are very accurate and computationally less complex.
The Fresnel formula for calculating field amplitude due to an
arbitrary source distribution is given by the Fourier trans-
form of the source distribution multiplied by a constant
phase surface. With the notation defined in Fig. 6, the result-
ing field, u(x1 ,y1), due to an arbitrary source distribution,
g(x0 ,y0), is given by
u~x1 ,y1!5
1
jlD e
jk~x1
2
1y1
2
!
2D H~nx ,ny!unx5
2px1
lD ,ny5
2py1
lD
,
~4.1!
where
H~nx ,ny!5F H g~x0 ,y0!e jk~x0
2
1y0
2
!
2D J . ~4.2!
The light intensity at the z5D plane is proportional to
uu(x1 ,y1)u2. Hence, the intensity is
I~x1 ,y1!5
1
~Dl!2
UH~nx ,ny!unx52px1lD ,ny52py1lD U2. ~4.3!
The intensity is calculated from the two-dimensional fast
Fourier transform. In Fig. 7~a!, we show the intensity distri-
bution at the cantilever plane, z50. The displacement j is a
function of x0 and y0 and it is denoted by j(x0 ,y0). The
amplitudes of the moving parts are multiplied by a phase
term, exp@4pjj(x0 ,y0)/l#, which denotes the additional two-
way phase difference due to the cantilever deflection,
j(x0 ,y0). When a force is applied to the tip, the deflection of
the cantilever varies along the length of the cantilever. It is
zero at the point where the cantilever is connected to the
silicon substrate and maximum at the tip. The cantilever de-
flection, j(x0 ,y0), is calculated as a function of x0 and y0 by
using ANSYS. Figure 8 shows the calculated displacement
distribution of the cantilever when the tip is deflected by 210
nm with a force of 23 nN on the tip. The calculated spring
constant is 1.1 Nt/m.
The function g(x0 ,y0) is obtained by weighing the can-
tilever pattern by a Gaussian beam, exp@2(x021y02)/s2#, where
FIG. 6. Coordinate system.Downloaded 26 Feb 2013 to 139.179.14.46. Redistribution subject to AIP lis53.6 mm @Fig. 7~b!#. Once g(x0 ,y0) is determined, the
intensity pattern at the desired z5D plane is found by ap-
plying Eq. ~4.3!. In Fig. 9, we show the calculated diffraction
pattern for various cantilever deflections.
With no deflection @j(x0 ,y0)50# , the intensities of the
even-numbered orders are maximum. For D54 cm, the spa-
tial separation of the second side order from the central com-
ponent is 4.46 mm as calculated from lD f g . This value is
consistent with Fig. 9. When the cantilever is deflected at
210 nm, intensities of the odd-numbered components reach
their maximum values. The distance between the first order
component and the zeroth order component is around 2.2
mm, which is nearly lD f g /2.
The cantilever deflection can be determined by measur-
ing the intensity of the zeroth order component, the first or-
der component or the difference between the two. This is
easily done by placing a photodetector at the proper position.
Figure 10 shows the calculated detector output voltages ver-
sus cantilever deflection. For the detector output, we inte-
grate over the area corresponding to the size of the photode-
tector. The period of the curve is slightly larger than the
FIG. 7. ~a! Cantilever pattern. ~b! g(x0 ,y0).
FIG. 8. Displacement of the moving fingers. ~Young modulus, E5130 Pa,
density, r52.332 g/cm3, Poisson ratio, s50.278).cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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average displacement of the interdigital fingers is less than
the displacement of the tip.
Figure 11 shows an experimental and calculated re-
sponse curve. In the experiment, the interdigital cantilever of
the second kind is illuminated by a laser beam with a spot
size of 20 mm (s53.6 mm! and the reflected diffraction
pattern is measured with a split photodiode. The photodiode
is placed so that the zeroth order mode illuminates one side
and the first order mode illuminates the other. There is good
agreement between the experimental and calculated data.
V. COMPARATIVE NOISE ANALYSIS
The minimum detectable deflection ~MDD! is defined by
a signal to noise ratio equal to unity. The main sources of
noise in the deflection detection systems are shot noise of the
photodetector, thermal mechanical noise of the cantilever,
laser intensity noise, laser phase noise, laser 1/f noise, laser
pointing noise, resistor Johnson noise, electronic noise of the
detection electronics and mechanical vibrations of the overall
FIG. 9. Calculated diffraction pattern 4 cm above the interdigital cantilever
for various deflections. The width and the spacing of the fingers are 3 mm
( f g50.1673106 m21). j shows the deflection at the tip position.
FIG. 10. Intensities of the zeroth and first order modes. Incidence angle, g ,
is 0. Detector is 200 mm3200 mm.Downloaded 26 Feb 2013 to 139.179.14.46. Redistribution subject to AIP lisystem ~Fig. 12!. Figure 13 shows the equivalent noise cir-
cuit. The signal is denoted by a current source of value is,
which is a function of the light intensity incident on the
photodetector. For the definitions and the symbols of the
noise currents see Appendix A. If the signal and noise pow-
ers from various sources are calculated from the circuit
shown in Fig. 13, the signal to noise ratio ~SNR! is found as
SNR5
S ddj isD
2
^ish
2 &1^im
2 &1^ims
2 &1^i l
2&1^ie
2&
, ~5.1!
where
^i l
2&5^i int
2 &1^ipha
2 &1^ip
2&1^ifl
2& , ~5.2!
and
^ie
2&5^in
2&1
^en
2&
R2
1
^eR
2 &
R2
1^i fe
2 & . ~5.3!
Note that for the purposes of calculating the signal power,
the derivative of the output current is used rather than the
current itself. For the SNR calculation, the signal is defined
as the change in the output current of the photodetector per
unit displacement in the cantilever position. Our definition of
FIG. 11. Differential detector output. Experimental and calculated data. The
length of the cantilever is 215 mm. Incidence angle is 20°.
FIG. 12. Noise sources in a typical AFM system which uses optical detec-
tion methods.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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more suitable for AFM applications where displacements are
small.
For a given SNR, the MDD of the system is easily cal-
culated by using
MDD5
1
A SNR
. ~5.4!
A. SNR for the optical lever detection method
In the case of the optical lever detection method, the
signal is the difference in the output currents of a split pho-
todetector as shown in Fig. 14 and is given by12
is5
3paIl
ll j , I l5RRP , ~5.5!
where R and R is the responsivity of the photodetector and
the reflectivity of the cantilever, respectively. The cantilever
length is denoted by l . The laser power, P , is assumed to be
incident on a square mirror with dimensions 2a32a on the
cantilever. The signal current is linearly dependent on the
cantilever deflection. The sensitivity of the system is defined
as current generated by the photodetector per unit displace-
ment of the cantilever and it is given by
Sl5
dis
dj 5
3paIl
ll . ~5.6!
The sensitivity of the lever detection method does not
depend on the distance between the cantilever plane and the
detector unless the detector is in the near field of the canti-
lever. The diffraction focal length of the beam is calculated
by (2a)2/l , which is typically a few millimeters. After this
point, the beam diverges and the change of the laser spot
position on the photodetector plane relative to its area re-
mains the same. Hence, placing a photodetector far from the
cantilever does not increase the sensitivity of the system.
Furthermore, the sensitivity is inversely proportional to the
cantilever length. Decreasing the length increases the sensi-
tivity at the expense of increasing the cantilever stiffness.
We next consider the effects of various noise compo-
nents. To calculate the total mean square shot noise current,Downloaded 26 Feb 2013 to 139.179.14.46. Redistribution subject to AIP lithe shot noise powers at each photodetector should be added.
Hence, the total mean square shot noise current is given by
^ish
2 &52qBIl . ~5.7!
Another noise source is the mechanical vibrations of the
thermally excited cantilever. The mean square current due to
the thermal vibrations of the cantilever is
^im
2 &5Sl
2^jn
2&5S 3paIlll D
2
^jn
2& , ~5.8!
where ^jn
2& is the mean square thermal mechanical vibration
amplitude of the cantilever.
If the above equations for the signal and noise currents
are substituted in Eq. ~5.1!, the resulting SNR formula for the
lever detection method is
SNRlever5
Sl
2/^ish
2 &
11Sl
2^jn
2&/^ish
2 &1n¯ ps1^ie
2&/^ish
2 &
. ~5.9!
This equation is consistent with the equation given in Ref. 4.
In Ref. 4, the SNR formula depends on the cantilever deflec-
tion, whereas our formula does not. This is because we de-
FIG. 14. Optical lever detection method.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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Moreover, our SNR equation includes other noise sources.
The thermal mechanical vibrations of the split photodetector
with respect to the cantilever, as well as the vibrations of the
laser with respect to the cantilever, contribute to the overall
mechanical system noise. n¯ ps contains contributions of the
laser pointing noise and the mechanical system noise. The
optical lever detection method cannot distinguish the laser
pointing noise in the direction normal to the split detector slit
from the cantilever motion. The effect of the mechanical
system noise is the same as the pointing noise. Hence, both
noise components are combined in one variable, n¯ ps ~see
Appendix B!.
B. SNR for interdigital cantilever with one detector
The deflection of an interdigital cantilever can be deter-
mined by measuring either the intensity of the zeroth order
component or the first order component. Let us assume that a
photodetector is placed at the position of the first order beam
and the deflection of the interdigital cantilever is determined
by measuring the output current of the detector. By using Eq.
~3.3!, the detector current can be written as
is5I lR1 sin2 u , ~5.10!
where R1 shows the ratio of the first order component power
to the total power when the moving fingers are deflected by
l/4. The sensitivity is given by
S ID15
dis
dj 5I lR1
2p
l
sin 2u . ~5.11!
The maximum sensitivity is achieved, when the cantilever is
deflected by l/8.
If Eq. ~5.10! is substituted into the shot noise current
formula, the mean square shot noise current is
^ish
2 &52qBIlR1 sin2 u . ~5.12!
However, the shot noise depends on the cantilever deflection.
The optimum bias should be determined by optimizing the
SNR rather than maximizing the sensitivity.
The mechanical noise current is calculated by multiply-
ing the amplitude of the mechanical vibrations of the canti-
lever by the sensitivity. The SNR formula for the interdigital
cantilever with one detector is
SNRID15
S ID1
2 /^ish
2 &
11S ID1
2 ^jn
2&/^ish
2 &1n¯ l1^ie
2&/^ish
2 &
, ~5.13!
where n¯ l is the normalized laser intensity noise, laser phase
noise and laser 1/f noise in terms of shot noise ~see Appen-
dix B for the definition of the term!. Equation ~5.13! is nearly
same as the SNR formula for the optical lever except that the
denominator does not include terms relating to the pointing
noise and thermal vibrations of the system. These sources of
noise do not contribute to the total noise power in interdigital
cantilever system provided that the detector is large enough
to collect all power in the first order component. Again we
emphasize that we detect intensity rather than position.Downloaded 26 Feb 2013 to 139.179.14.46. Redistribution subject to AIP liFor the cantilever used in our experiments, we estimate
R1 as 0.185. This value is calculated by taking the Fourier
transform of one-dimensional array of fingers and dividing
the power in the first order mode by the total power. Figure
15 plots the SNR and the MDD versus bias point. The opti-
mum bias point does not depend on the amplitude of me-
chanical noise (^jn&) of the cantilever. It is determined by
the value of n¯ l . As n¯ l increases the optimum bias point
moves toward zero bias.
We estimate n¯ l to be 1 for the ID cantilever with one
detector which is a realistic value13 if laser intensity, phase
and 1/f noise are considered. With this value of n¯ l , we cal-
culate the SNR of the one detector system as 1.633104/Å2
at the optimum bias which is around l/16. The correspond-
ing MDD is around 0.0078 Å.
C. SNR for interdigital cantilever with two detectors
It is also possible to detect the deflection of the interdigi-
tal cantilever by using two detectors; one is placed at the
position of the first order component and the other at the
position of the zeroth order component. In this case, the sig-
nal current which is the difference of the output currents of
the photodetectors is given by
is5I l~bR1 sin2 u2R0 cos2 u! , ~5.14!
where R1 and R0 show the order intensity relative to the
total power at the first order component and at the zeroth
order component, respectively. The calculated R0 is 0.23. b
is the ratio of the gains of the two channels. The laser inten-
sity noise can be cancelled by choosing b5R0 /R1. This
assures that signal currents due to the zeroth and the first
order components are equal to each other when the cantilever
deflection is biased at the optimum value of l/8. The sensi-
tivity of the system is
S ID252I lR0
2p
l
sin 2u . ~5.15!
FIG. 15. Calculated SNR and MDD of interdigital cantilever with one de-
tector for various values of n¯ l . ‘‘o’’ shows optimum bias point. (P51 mW,
R50.54,R50.9,R150.185, Q5100, k51 Nt/m, f 0546 kHz, T5300 K!.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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ers at the outputs of the split photodetector. The mean square
shot noise current is
^ish
2 &52qBIlR0 . ~5.16!
If a similar derivation is carried out, the SNR of the two
detectors system is found to be
SNRID25
S ID2
2 /^ish
2 &
11S ID2
2 ^jn
2&/^ish
2 &1^ie
2&/^ish
2 &
. ~5.17!
The plot of Eq. ~5.17! is depicted in Fig. 16. The MDD
is 0.0076 Å, which is slightly better than interdigital cantile-
ver with one detector. The improvement with respect to the
system in Sec. V B is small since the mechanical noise of the
cantilever is assumed to be the dominant noise source.
D. Comparison
Figure 17 shows the equivalent mechanical noise ampli-
tudes as a function of noise currents for the optical lever,
interdigital cantilever with one detector and interdigital can-
FIG. 16. Calculated SNR and MDD of interdigital cantilever with two de-
tectors. ‘‘o’’ shows optimum bias point (R050.23, R150.185).Downloaded 26 Feb 2013 to 139.179.14.46. Redistribution subject to AIP litilever with two detectors. The slopes of the lines give the
sensitivity for the corresponding system. The most dominant
noise source is the thermally excited mechanical vibrations
of the cantilevers. The shot noise level is considerably higher
for the optical lever. The values of noise currents and equiva-
lent mechanical noise amplitudes are also given in Table I.
The total mechanical noise amplitudes gives the MDD of the
system. In this table the laser dependent noise sources are
neglected. The first three columns show the equivalent out-
put noise currents for each system. The thermal mechanical
noises of the cantilevers can be converted to the current by
multiplying the mechanical noise amplitudes by the sensitiv-
ity of the corresponding system. Since the sensitivity of the
third method is the highest, it gives the highest noise current
for the same amount of mechanical vibrations. The last three
columns show the equivalent noise amplitudes of the canti-
lever vibrations. These values are calculated by dividing the
corresponding currents by sensitivities of the systems.
FIG. 17. Equivalent mechanical noise amplitude due to ~I! shot noise cur-
rent, ~II! input noise current of op-amp, ~III! resistor Johnson noise current,
~IV! input noise voltage of op-amp.TABLE I. Calculated square of noise currents and equivalent rms mechanical noise amplitudes due to the
various noise sources in different detection methods in 1 kHz bandwidth. Laser dependent noise sources are not
considered. (n¯ l50, n¯ ps50! input noise current of the amplifier, ^in&, is 2 pA/ Hz1/2. Input noise voltage of the
amplifier, ^en&, is 10 nV/ Hz1/2. The resistor of the transimpedance amplifier is 10 kV.
Detection
method
Mean square output noise currents Equivalent mechanical input noise
lever
(310221 A2)
ID1
(310221 A2)
ID2
(310221 A2)
lever
~Å!
ID1
~Å!
ID2
~Å!
Shot noise 156.3 14.4 32.3 0.0077 0.0014 0.0009
Mechanical noise 152.0 410.5 2537.5 0.0076 0.0076 0.0076
~Q5100!
Input noise current 8.0 4.0 8.0 0.0017 0.00075 0.00043
of amplifier
Input noise voltage 2.0 1.0 2.0 0.00087 0.00038 0.00021
of amplifier
Resistor Johnson 3.4 1.7 3.4 0.0011 0.00048 0.00028
noise
Total noise 321.7 431.6 2583.2 0.011 0.0078 0.0077cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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cantilever to the optical lever method. When n¯ ps is zero, the
interdigital cantilever method is a factor of two better than
the optical lever. The interdigital cantilever can achieve the
same sensitivity as the optical lever at a lower intensity level.
Theoretically, we find that the MDD of the optical lever
is roughly 0.01 Å in a 1 kHz bandwidth if the pointing noise
and the mechanical system noise are neglected. The mea-
sured MDD is a factor of ten larger than this, which means
that the pointing and mechanical noise must be the dominant
sources of noise. With an MDD of 0.1 Å of MDD in a 1 kHz
bandwidth, we estimate the normalized noise contribution,
n¯ ps to be equal to 200. A primary advantage of the ID can-
FIG. 18. Calculated SNR ratios of interdigital cantilever with two detectors
and lever method. The quality factor of the cantilevers, Q , are 100. ~For
lever detection method: l5200 mm, a515 mm.!
FIG. 19. Positions of the laser spots on the split photodetectors for lever
detection method and interdigital cantilever with two detectors.Downloaded 26 Feb 2013 to 139.179.14.46. Redistribution subject to AIP litilever is its immunity from laser pointing noise and me-
chanical system noise when the detector area is larger than
the beam spot size ~Fig. 19!.
We also note that the ID cantilever does not respond to
thermal drifts. The metal layer used to increase the optical
reflectivity creates a bimetallic strip which will bend as the
temperature changes. However, both arms of the ID cantile-
ver can be designed such that they bend by the same amount.
Although the diffracted orders are deflected, the intensity
remains constant.
Finally we note that homodyne and heterodyne interfero-
metric deflection detection methods have a sensitivity com-
parable to the interdigital cantilever. However, the alignment
requirements are much more stringent and this makes it dif-
ficult to use these sensors for cantilever arrays.
VI. CONCLUSION
The interdigital cantilever makes use of a microfabri-
cated phase grating to improve the deflection sensitivity and
reduce the alignment requirements of the AFM. Operation-
ally, this technique requires an illumination source and a
standard photodiode, yet it achieves a resolution that is com-
parable to the interferometric sensors described previously.
The increased simplicity allows the interdigital cantilever to
be used in most optical lever AFMs without modification.
In this study, we compare the interdigital cantilever with
the optical lever detection method. We conclude that the in-
terdigital cantilever is more sensitive than the optical lever
because the interdigital system is insensitive to vibrational
movements of the photodetector and laser as well as laser
pointing noise. In addition, the interdigital cantilever has the
unique property that the sensitivity does not depend on the
cantilever length. Since optical intensity is measured, align-
ment of the photodetector is less crucial than the optical le-
ver where position is measured. We envision that a cylindri-
cally focused laser can be used to illuminate an array of
interdigital cantilevers, while a monolithic array of photo-
diodes is used to image the reflected diffraction pattern in
order to determine the deflection of each element.
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APPENDIX A: NOISE SOURCES IN OPTICAL AFM
SYSTEMS
In a typical AFM system, there are mainly five sources
of noise.
1. Photodetector noise
The random arrivals of photons to the photodiode is re-
ferred to as shot noise. The mean square shot noise is ex-
pressed by ^ish
2 &52qBI , where q is the elementary charge, B
is the detection bandwidth, and I is the photodiode current.cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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All mechanical systems vibrate due to the thermal exci-
tation. The amplitude of acoustical vibration of the thermally
excited cantilever is ^jn
2&54KTB/(Qkv0),14,15 where K is
the Boltzmann constant, T is the temperature, Q is the qual-
ity factor of the cantilever, k is the spring constant, and v0 is
the resonance frequency. Corresponding mean square noise
current, ^im
2 &, is calculated by multiplying the thermal noise
amplitude by the sensitivity of the detection method.
3. Detection circuit noise
The noise in the detection circuit is basically due to the
Johnson noise, ^eR
2 & , of the resistor of the transimpedance
amplifier, input noise voltage, ^en
2&, and the input noise cur-
rent, ^in
2&, of the amplifier and the electrical 1/f noise, ^ife2 &.
The mean square Johnson noise is given by ^eR
2 &
54KTBR , where R is the resistor value.
4. Laser noise
Laser light is usually obtained from a laser diode which
is inherently a noisy device. The main source of the laser
noise is the spontaneous emission of photons, resulting in
fluctuations in laser intensity and phase. Corresponding noise
currents due to the intensity noise and phase noise are de-
noted by ^iint
2 & and ^ipha
2 &. Another noise type in lasers is the
pointing noise, which are the random fluctuations of the
beam shape and the direction. The mean square pointing
noise current is denoted by ^ip
2& . Let ^un
2& show the mean
square angular noise amplitude of the laser beam as a result
of pointing noise. The corresponding mean square noise cur-
rent in the lever detection system is given by ^ip
2&
5(S2l2/9)^un2&, where S is the sensitivity of the system, and
l is the length of the cantilever. Finally, lasers exhibit more
noise in low frequencies due to the 1/f noise (^ifl2&).
5. Overall mechanical system noise
The overall mechanical parts of the AFM system also
vibrate because of the thermal excitation. However, the reso-
nance frequency is low compared to the cantilever. Because
of these vibrations the relative position of the laser beam on
the detector plane changes. The noise on the laser beam po-
sition at the detector plane can be estimated by ^js
2&
54KTB/(Qsksv0s),, where Qs , ks , and v0s are determined
by the mechanical properties of the AFM system. Corre-
sponding mean square noise current is given by ^ims
2 &
5(S2l2/9D2)^js2&, where D is the distance between the can-
tilever and the photodetector.
APPENDIX B: DEFINITION OF NORMALIZED NOISE
QUANTITIES
In the lever detection method, in order to add the effects
of the thermal mechanical system noise and the laser point-
ing noise, noise currents due to these two noise sources are
normalized by the mean square shot noise current. We define
a normalized variable, n¯ ps , asDownloaded 26 Feb 2013 to 139.179.14.46. Redistribution subject to AIP lin¯ ps5
^ip
2&1^ims
2 &
^ish
2 &
. ~B1!
Similarly, the normalized variable, n¯ l shows the contri-
butions of the laser intensity noise, the laser phase noise and
the laser 1/f noise to the interdigital system with one detector
in terms of the mean square shot noise,
n¯ l5
^i int
2 &1^ipha
2 &1^ifl
2&
^ish
2 &
. ~B2!
Note that the shot noise levels are different for both detection
systems. For the interdigital cantilever with one detector, the
shot noise level is given by
^ish
2 &5qBR1I l , ~B3!
when the cantilever is biased to l/8.
Table II summarizes the contributions of various noise
sources. Detection systems that use split photodetectors are
insensitive to the laser intensity noise. Laser phase noise
does not contribute to the total noise power in the lever de-
tection method. Phase noise is usually converted to the am-
plitude noise in interferometric systems. However, the am-
plitude of the noise depends on the optical path difference
between each arm of the interferometer. In the interdigital
cantilever system, the optical path is nearly same for specu-
larly reflected light and diffracted light. Hence, phase noise
is very small.
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